Oxidative stress Iron metabolism Type 2 diabetes mellitus Proteome dynamics Heavy water metabolic labeling High resolution mass spectrometry LC-MS/MS A B S T R A C T Type 2 diabetes mellitus (T2DM) is associated with oxidative stress and perturbed iron metabolism. Serotransferrin (Trf) and ceruloplasmin (Cp) are two key proteins involved in iron metabolism and anti-oxidant defense. Non-enzymatic glycation and oxidative modification of plasma proteins are known to occur under hyperglycemia and oxidative stress. In this study, shotgun proteomics and 2 H 2 O-based metabolic labeling were used to characterize post-translational modifications and assess the kinetics of Trf and Cp in T2DM patients and matched controls in vivo. Six early lysine (Amadori) and one advanced arginine glycation were detected in Trf. No glycation, but five asparagine deamidations, were found in Cp. T2DM patients had increased fractional catabolic rates of both Trf and Cp that correlated with HbA 1c (p < 0.05). The glycated Trf population was subject to an even faster degradation compared to the total Trf pool, suggesting that hyperglycemia contributed to an increased Trf degradation in T2DM patients. Enhanced production of Trf and Cp kept their levels stable. The changes in Trf and Cp turnover were associated with increased systemic oxidative stress without any alteration in iron status in T2DM. These findings can help better understand the potential role of altered Trf and Cp metabolism in the pathogenesis of T2DM and other diseases.
Introduction
As an essential micronutrient, iron plays a crucial role in cell survival and viability [1] . Its functional importance as a cofactor for a wide range of enzymatic reactions is mainly due to its ability to readily undergo redox cycling between its two major oxidation states, Fe 3+ has the potential to cause oxidative damage by catalyzing the formation of hydroxyl radicals and other reactive species via Fenton reaction. Therefore, organisms have evolved elaborate mechanisms to regulate iron uptake, transport and export, and maintain its levels within safe limits [2] . In humans, dietary Fe 3+ is first reduced to Fe 2+ , then absorbed by duodenal enterocytes and released into the blood stream through ferroportin channels. Additional influx of iron originates from the catabolism of hemoglobin-derived heme in the macrophages. The excess of iron is stored in the liver and may result in hepatic iron overload. The Fe 2+ released from enterocytes, macrophages and hepatocytes is oxidized to Fe 3+ by plasma ferroxidases, such as hephaestin and ceruloplasmin (Cp), for incorporation into serotransferrin (Trf), which delivers iron to all cells [3] . The specific interaction between Cp and Trf with iron depends on the structural integrity of these proteins that is critical to iron mobilization and transport [4, 5] . As part of the "positive" and "negative" control mechanism of the acute phase response (APR) cascade, Cp and Trf levels are regulated in response to inflammation, infection, malnutrition and perturbations in copper and iron metabolism. These factors affect Trf and Cp expression via a complex interplay of transcriptional and post-transcriptional factors [6] [7] [8] . While hypoxia and copper induce Cp synthesis [9] , failure to incorporate copper during Cp synthesis leads to Cp degradation [10] . Inflammation, estrogen and insulin transcriptionally regulate Trf and Cp synthesis, whereas iron deficiency and hypoxia control their synthesis at a post-transcriptional level [11] . Diabetes is associated with altered iron metabolism, mild inflammation and oxidative stress [12] . While reducing circulating iron levels by iron chelation therapy is known to reverse diabetes, iron transfusion used to treat hereditary hemochromatosis, an iron overload-related disease, is associated with an increased risk of diabetes [12] . Mechanistically, iron overload is deemed to contribute to diabetes development via iron-induced beta cell dysfunction and altered glucose metabolism [13, 14] . Cp and Trf serum levels are positively associated with hyperglycemia and insulin resistance whereas Trf saturation, i.e. the fraction of Trf that is saturated with iron, is negatively associated with impaired glucose metabolism, suggesting that changes in Cp and Trf metabolism could be used as surrogate markers of altered iron status in diabetes [15] . However, there is no consensus on the status of Cp and Trf metabolism in diabetes; elevated, normal, even decreased Cp and Trf levels have been reported in type 1 and type 2 diabetes mellitus (T2DM) [16] [17] [18] [19] [20] [21] . It is also unknown whether hyperglycemia and hyperinsulinemia are involved in the altered Cp and Trf metabolism of diet-controlled T2DM patients.
In diabetes, hyperglycemia induces different oxidative modifications to the proteins leading to their altered biological functions. Non-enzymatic post-translational glycation and deamidation are the hallmarks of hyperglycemia-and oxidative stress-related disorders [22, 23] . Non-enzymatic glycation involves covalent binding of an aldose -mostly glucose -to the terminal amino group of lysine or arginine residues to form Amadori glycation adducts (AGAs). AGAs can then give rise to a myriad of elimination, oxidation and cross-link/polymerization products, generally known as the "advanced glycation end-products" (AGEs) that promote immune response and cell damage through further protein modification and aggregation [24] . Asparagine and glutamine deamidation are other prevalent protein modifications which occur as a result of aging and/or oxidative stress [22] . Dysfunctional modified proteins are usually detected and salvaged through conjugation/secretion or proteolysis mechanisms depending on the nature of modification and pathological conditions [24] .
Mass spectrometry (MS) is one of the most widely used tools to study proteins and their post-translational modifications (PTMs). Recent advancements in chromatography, MS instrumentation, data acquisition and processing have allowed for efficient detection and characterization of often low-abundance modified proteins in complex mixtures [25] . Another important application of MS analysis -isotopic labeling -has also become a widespread technique to assess protein quantities and dynamics. Heavy water ( 2 H 2 O)-based metabolic labeling allows the study of different classes of biomolecules including lipids, peptides and proteins in vivo [26] [27] [28] [29] [30] . In this approach, the 2 H from 2 H 2 O gets incorporated into the structure of amino acids, and by that the proteins, at a rate that reflects the rate of protein synthesis. As a non-radioactive and low-cost tracer, 2 H 2 O can be administered in drinking water and is thus widely used in human studies. In this study, high-resolution high-accuracy MS-based proteomics was employed to detect hyperglycemia-induced PTM of two key components of iron metabolism -Trf and Cp -in T2DM patients. Heavy water labeling mass spectrometry was then used to assess in vivo dynamics of these proteins. Subsequent biochemical tests were conducted to probe the impact of the identified modifications on biological properties of Trf and Cp in T2DM patients. Sequencing-grade modified trypsin was from Promega (Madison, WI) and HPLC-grade water, methanol and formic acid were purchased from Fisher Scientific (Fair Lawn, NJ). The Pierce BCA protein assay kit was obtained from Thermo Fisher Scientific (Waltham, MA). All other reagents (analytical grade) were purchased from Sigma-Aldrich (St. Louis, MI).
Materials and methods

Chemicals and reagents
Study design
Nine newly diagnosed diet-controlled T2DM patients (4:5, male/ female) and eight age-and body mass index (BMI)-matched non-diabetic control (4:4, male/female) subjects were enrolled to this study. The characteristics of study participants are shown in Table 1 . The study protocol was approved by the Cleveland Clinic's Institutional Review Board. All volunteers gave their informed written consent to participate in the study after having the procedures and potential risks fully explained. T2DM patients were diagnosed based on the oral glucose tolerance test (≥ 200 mg/dl after 2 h of 75 g dextrose challenge), HbA 1c (> 6.5%), or both. All patients were insulin-naive individuals with average diabetes duration of 1-3 months and were not taking any oral hypoglycemic drugs at the time of diagnosis. Since enrollment, patients were advised to adhere to lifestyle modification: hypocaloric carbohydrate-controlled diet and moderate physical activity. Follow-up counseling was provided by endocrinologist. For 3 days immediately prior to and during the one week of the kinetics study, all subjects were advised to avoid strenuous exercise and to consume an isocaloric diet to ensure weight stability and prevent diet-or exercise-induced change (stress) in protein metabolism. Individuals were excluded if they had undergone significant weight loss (> 2 kg), or had a history of alcohol and/or drug abuse, were smokers or had quit smoking within the past 3 months, or if they showed any evidence of cardiovascular, renal, hepatic, hypothyroid or hematological diseases. A 2 H 2 O metabolic labeling approach was used to assess Trf and Cp turnover in human serum (Fig. 1) . Briefly, study participants received 0.7% 2 H 2 O in their drinking water (4.0 ml 2 H 2 O/kg body mass) in 5 doses over a 4-h period (given at 0, 1, 2, 3 and 4 h) during the first day of the study, followed by an additional daily maintenance dose of 10% of the loading dose/day in drinking water for the next 6 days. Fasting blood samples were collected at different time-points (Fig. 1) . Plasma serum was isolated and subjected to biochemical and proteomics analysis, and protein turnover measurement.
Analytical procedures
Fasting plasma glucose, triglycerides, total cholesterol, and highdensity lipoprotein (HDL) cholesterol were measured by enzymatic analysis on an automated platform (Roche Modular Diagnostics, Indianapolis, IN). Plasma insulin concentration was determined by radioimmunoassay (Diagnostic Products, Los Angeles, CA). Human Trf and Cp were quantified by immunoassay methods on an Abbott Architect ci8200 Integrated Analyzer System (Abbott Labs, Abbott Park, IL). Serum ferritin levels were quantified using human ferritin enzymelinked immunosorbent assay (ELISA) kit (Thermo Fisher Scientific) according to manufacturer's protocol. High-sensitivity C-reactive protein (hsCRP) serum levels were measured using a standard clinical assay. Serum iron and total iron-binding capacity (TIBC), i.e. the total amount of iron that can bind Trf, were measured photometrically using commercially available kits. Unsaturated iron-binding capacity (UIBC), i.e. the portion of Trf that is not saturated with iron, was calculated as UIBC = TIBC -iron. Trf saturation was calculated by the formula: serum iron/TIBC. Cp N-oxidase activity was measured by spectrophotometry at 540 nm with o-dianisidine as substrate, using the method from Wei et al. [31] modified based on Lehmann et al. [32] . Cp ferroxidase activity was measured at 530 nm with p-phenylenediamine as described [33] .
Total body water enrichment measurement
2 H-enrichment of total body water was measured using a modification of the acetone exchange method [34] . Briefly, serum (5 µl) was incubated with 10 M potassium hydroxide (5 µl) and pure acetone (5 µl) in a 2-ml glass screw-cap GC vial at room temperature for 4 h. One µl of acetone vapor from the headspace was directly injected for gas chromatography-mass spectrometry (GC-MS) analysis. Isotopic enrichment of acetone was determined using electron impact ionization and selected ion monitoring. Acetone isotopomers were monitored at m/z 58 (M 0 ), 59 (M 1 ) and 60 (M 2 ). Biological samples were analyzed in parallel with a set of calibration curve samples containing 0-5% 2 H 2 O.
The regression equation of the calibration curve was used for 2 H 2 O enrichment measurement in the biological sample.
Oxidative stress assessment
The effect of altered Cp and Trf metabolism on systemic oxidative stress was assessed based on two independent assays: lipid peroxidation assay and anti-oxidant capacity of plasma.
2.3.2.1. Lipid peroxidation assay. The extent of lipid peroxidation was determined by measuring thiobarbituric acid reactive substances (TBARS) including malondialdehyde in EDTA-treated plasma samples using a commercial kit provided by Cayman Chemical (Ann Arbor, MI). In brief, serum (30 µl) was mixed with 10% tricholoroacetic acid (30 µl) and a color reagent (1.33 ml) composed of 37 mM thiobarbituric acid, 1.75 M acetic acid and 0.35 M sodium hydroxide. The mixture was incubated at 100°C for 1 h, the precipitate was removed, and TBARS were measured in the supernatants using fluorometry at 530:550 nm (excitation/emission).
2.3.2.2.
Anti-oxidant capacity of plasma. This assay measures the antioxidant capacity of plasma proteins against Cu 2+ -induced oxidative stress. Briefly, oxidation was initiated in apolipoprotein B (ApoB)-depleted plasma by adding Cu 2+ and the rate of total oxidation was quantified by 2′,7′-dichlorodihydrofluorescein (DCFH) in a microtiter plate at 37°C. Fluorescent emission was measured at 530 nm after serial excitation at 485 nm.
LC-MS/MS analysis
Since Trf and Cp are associated with HDL [35] , less-dense lipid-rich ApoB-associated particles that can interfere with tryptic digestion were removed prior to the LC-MS/MS analysis [36] . Serum (20 µl) was diluted with phosphate buffer saline pH 7.4 (1:1 v/v), ApoB-depleted using an Mg 2+ /dextran sulfate reagent (4 µl) from Stanbio (Boerne, TX), and delipidated with ice-cold acetone (1:10, v/v). The pellet was resolubilized in 100 mM ammonium bicarbonate pH 8.0 (200 µl). An aliquot equivalent to 10 µg protein (BCA assay) was reduced (15 mM dithiothreitol, 30 min, 60°C), alkylated (45 mM 2-iodoacetamide, Fig. 1 . Experimental design and the workflow of the study. Control (n = 8) and diabetic (n = 9) subjects received 4. 30 min, 25°C, in the dark) and digested by trypsin at a 1:40 w/w enzyme-to-protein ratio at 37°C overnight. Digestion mixture was acidified (2% formic acid, 5 µl) and cleaned up on a HyperSEP Retain PEP (Thermo Fisher Scientific) solid-phase extraction cartridge using water and methanol. Sample was evaporated to dryness under vacuum (2 h, 45°C, Savant Universal, Thermo Fisher Scientific) and reconstituted in 0.1% formic acid. A volume approximately equivalent to 0.1 µg protein was injected into a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) using an UltiMate 3000 RSLC nano-HPLC system (Dionex, Sunnyvale, CA). Liquid chromatography was conducted at 0.3 µl/min (40°C) on an Acclaim PepMap RSLC (C 18 ) 0.075 × 150 mm column (Dionex) with a gradient elution of 5-35% B in 90 min then up to 66.7% in 1 min followed by another increase to 89% B in 1 min held for 5 min whereas solvents A and B were water and acetonitrile (0.1% formic acid), respectively. Mass spectrometry analysis was performed at m/z 380-1300 (MS) with 70,000 resolution (200 m/z). MS/MS spectra were collected in data-dependent acquisition mode for the 12 most abundant product ions within m/z 110-2000 with an isolation window of 2.0 ± 0.4 m/z and 17,500 resolution (200 m/z). MS and MS/MS spectra were acquired for 100 ms with the automatic gain control (AGC) target set at 1.0 × 10 6 and 2.0 × 10 4 ions for MS and MS/MS scans, respectively. Higher-energy collisional dissociation (HCD) was performed at normalized collision energy of 25%. Dynamic exclusion was enabled for a duration of 17 s. Samples were analyzed in triplicate. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium [37] via the PRIDE partner repository [38] with the dataset identifier PXD005755.
Detection of post-translational modifications
Andromeda search engine was used within the MaxQuant software environment (version 1.5) [39] for PTM identification at 1% false discovery rate. To maximize detection efficiency, similar PTMs were grouped and searched together. The search was performed against TRFE_HUMAN.FASTA (P02787) and CERU_HUMAN.FASTA (P00450) entries from the UniProt Consortium website (http://www.uniprot. org). Trypsin was chosen as the protease allowing up to two missed cleavages per peptide. Cysteine carbamidomethylation was added as a fixed modification. Methionine oxidation, lysine early glycation and the most common AGEs including carboxymethyl lysine, carboxyethyl lysine, lysine pyrraline, arginine pyrimidine and arginine hydroimidazolone derivatives (G-H1, MG-H1, 3DG-H1) were also set as variable modifications. Since AGAs are known to be susceptible to HCDinduced elimination of up to three water molecules per glycation sites [40] , peptide identification method was modified to include a -H 6 O 3 neutral loss for lysine glycation. Other searched PTMs were 4-hydroxynonenal and/or 4-oxononenal addition to arginine and lysine residues, lysine acetylation and acetoacetylation, tyrosine and tryptophan nitration, tyrosine chlorination, and asparagine/glutamine deamidation. A matching score threshold of 40 was set for all Andromeda searches. To account for LC retention shifts, the "match between runs" option was enabled with a match time window of 0.7 min and an alignment time window of 20 min.
Protein turnover measurement
LC-MS/MS data files were searched using Mascot software (Matrix Science, London, UK) version 2.3 against the human subset of UniProt protein database released on June 29th, 2016 (containing 149,730 entries) with cysteine carbamidomethylation and methionine oxidation as fixed and variable modifications and trypsin digestion with a maximum of two missed cleavages per peptide. A custom-built software application (http://ispace.utmb.edu/users/rgsadygo/proteomics/ heavywater) was employed to calculate isotopic enrichment (E) of the 2 H atoms incorporated in the proteins of interest at each time-point. To correct for body water enrichment variations, E values were normalized to the subject's total body water 2 H-enrichment.
The rate constant (k) representing the protein's fractional catabolic rate (FCR) was determined using a one-compartmental model based on the exponential growth curve fitting of net normalized 2 H-enrichment values of tryptic peptides against time (t) (Eq. (1)) after the removal of statistical outliers within the Prism (GraphPad, La Jolla, CA) software (version 5).
Here, E ss is the plateau enrichment of a tryptic peptide. Protein half-life (t ½ ) was later obtained from Eq. (2).
Finally, production rate (PR) was calculated from the protein's FCR and its total pool size (P) using Eq. (3).
Quantification of Trf glycation
Trf glycation was quantified through the calculation of the averaged intensity ratios from the extracted ion chromatograms corresponding to both native and glycated peptides. A Visual Basic application was developed for accurate quantification of the modified peptides. Quantitation was based on the following restriction criteria. First, to reduce the interference of background signals, only the MS scans with monoisotopic (M 0 ) peak intensity > 10 4 were quantified. Second, outlier scans in terms of their mass isotopomer intensity ratios were excluded. The scans generating a coefficient of variation > 50% relative to the averaged scans were also considered outliers. The effect of glycation on Trf stability was assessed based on the half-lives of one glycated peptide and the total Trf pool consisting of mainly non-modified Trf peptides.
2 H-enrichment of both peptides were extracted from their high resolution MS spectra whereas molar percent enrichments were calculated based on isotopomer distribution analysis, as described in the previous section.
Data presentation and statistical analysis
Continuous variables were evaluated for normality using the ShapiroWilk test. Only glycation measures showed strong departures from normality, and were compared between groups defined by diabetic status using nonparametric Wilcoxon rank sum tests and were summarized using medians and quartiles. Normally-distributed continuous measures were summarized using means and standard deviations and were compared between groups using two-sample t-tests. To evaluate the impact of demographic factors on associations observed, linear regression models, with and without adjustment factors, one at a time, were performed. If necessary, log transformations (with offsets) were performed to achieve more normally distributed measures. Mean differences between groups with 95%-confidence intervals were presented. Categorical factors were compared using Fisher exact tests. To assess correlations between continuous factors, Pearson and Spearman correlations were used for normally and non-normally distributed factors, respectively. Analysis was performed using SAS (Cary, NC) software (version 9.4).
Results
Clinical characteristics
As expected, compared to healthy controls, T2DM patients had significantly higher levels of blood glucose, glycated hemoglobin (HbA 1c ), insulin, and insulin resistance assessed based on homeostatic model assessment (HOMA) ( Table 1 ). All other biochemical characteristics, including body mass index (BMI) and lipid profile were similar between the two groups as well as their age. Although ferritin and hsCRP levels were higher in diabetes compared to the controls, they did not reach significance due to large variabilities among the subjects.
Proteomics analysis of Trf and Cp
Post-translational modification of serotransferrin and ceruloplasmin
To evaluate the role of diabetes on Trf and Cp structural integrity and stability, a proteomics approach combining high-resolution datadependent mass spectrometry with nano-flow liquid chromatography was optimized to enhance peptide identification efficiency and maximize protein sequence coverage in human serum samples. Applying this method to T2DM and non-diabetic samples, Trf and Cp were identified with average sequence coverage of 89% and 84%, respectively.
A recently developed approach was used for efficient detection and characterization of glycated peptides by HCD fragmentation in Orbitrap mass spectrometers [40] . Six lysine residues including Lys-103, Lys-206, Lys-276, Lys-296, Lys-534 and Lys-640 were found in Trf to be the targets of early Amadori glycation in both T2DM and control subjects with high score (MaxQuant score > 40) and mass accuracy (< 1 ppm) ( Table 2 ). However, the PTM search for Trf AGEs led to the detection of merely one arginine pyrimidine (Argpyr) modification at Arg-678 in a limited number of diabetic subjects. Argpyr is one of the cyclic AGEs known to form through modification of arginine residues with methylglyoxal, a secondary reactive oxygen species [41] . Peptide structures were confirmed using the "expert system" integrated into the MaxQuant software for accurate annotation of collision induced dissociation (CID)-generated MS/MS spectra [42] . As an example, Accurate peak integration of glycated peptides in the T2DM sample with the highest extent of glycation revealed that Lys-534 is the primary site of modification accounting for nearly 60% of total protein glycation and 13% more than other residues altogether ( Fig. 3A and Supplementary Table S1 ). Taking this lysine residue as a surrogate estimate of protein glycation, Trf was found to be more extensively glycated in T2DM patients than in control samples (5.6 ± 1.6% vs. 1.8 ± 0.5%, p = 0.054) (Fig. 3B, left panel) . Although a notably higher Lys-206 glycation was observed in T2DM patients, the differences didn't reach significance due to large variabilities between the subjects (Fig. 3B, right panel) .
In contrast to Trf, no non-enzymatic glycation was detected in Cp. However, five asparagine residues were found to be deamidated in Cp in T2DM and control subjects (Supplementary Table S2 ). Peptides containing these residues were identified under stringent parameters (MaxQuant score > 50, mass accuracy < 1 ppm) and were confirmed based on their parent (MS) and product (MS/MS) spectra (Supplemental Figures, Section B) . Asparagine deamidation takes place during protein aging and/or oxidative stress and may affect proteins' structure and function via altering their total charge states. Particularly, oxidative stress-induced deamidation of Cp at Asn-943 can potentially affect its ferroxidase activity [4] . Due to large variabilities between the samples, the deamidated peptides could not be quantified accurately.
Serotransferrin and ceruloplasmin kinetics in T2DM
To evaluate the effect of early diabetes on Trf and Cp metabolism a 2 H 2 O metabolic labeling approach was applied (Fig. 1) (Table 3) .
To find out if glycation has contributed to increased Trf degradation, the kinetics of the Trf peptide GDVAFVKHQTVPQNTGGK modified at the Lys-534 site was quantified. The results showed that, in T2DM patients, glycated Trf had a significantly higher FCR (0.105 ± 0.048 pool/ h, p < 0.001) than total Trf, based on both the modified and unmodified peptides (Fig. 4A) . PTM-induced increased degradation of Trf resulted in a shorter half-life of the modified protein variant (7.7 ± 2.9 h, p < 0.001) compared to the total pool of Trf consisting the modified and unmodified species together (Fig. 4B) .
Effect of structural modifications on Trf and Cp function
Since Trf glycation and Cp deamidation may affect their biological functions [4, 5] , we measured serum iron and copper levels, Cp enzymatic activity, Trf iron saturation, TIBC, UIBC, and the extent of systemic oxidative stress as surrogates to Trf and Cp function. Our results did not show any loss in Trf iron-binding capacity and iron saturation in T2DM patients. Similarly, no difference was observed in serum copper levels and Cp ferroxidase and N-oxidase (not shown) activities between healthy controls and patients. Likewise, no significant difference was observed in systemic lipid peroxidation measured as TBARS in EDTAtreated plasma (Table 1) . To further determine the functional consequence of T2DM-induced change in the dynamics of Trf and Cp, we also measured the anti-oxidant capacity of plasma. This test determines the capacity of plasma to either inhibit or aggravate Cu 2+ -induced total oxidation. Consistent with other functional results, we could not detect any differences in anti-oxidant capacity of plasma between healthy controls and T2DM patients, indicating that the alterations in Trf and Cp metabolism were not associated with systemic oxidative stress.
Correlations
To assess the contribution of different biochemical variables to altered Trf and Cp metabolism in diabetes, we performed a linear Table 2 List of peptides containing serotransferrin early (bold) and advanced (underlined) glycation sites. Location of the modified residue in the protein as well as MaxQuant score, theoretical m/z value, mass accuracy (in ppm), charge state (z) and retention time of the corresponding peptide are included. regression analysis between selected variables and measured parameters. We also evaluated whether the alterations in Trf and Cp kinetics were associated with serum iron levels and oxidative stress-related parameters. To identify independent predictors of the observed differences between the controls and T2DM subjects, we performed adjustments for multiple clinical variables, including age, gender, BMI, glucose, insulin, insulin resistance (HOMA), total cholesterol, triglycerides and HbA 1c . The regression analysis showed that Cp FCR was directly associated with HbA 1c in all the studied subjects (Table 4) . However, a direct association between Trf FCR and HbA 1c was only observed for the T2DM patients, suggesting that hyperglycemia could be involved in increased degradation of Trf and Cp in diabetes. There was a trend towards a positive correlation between Trf glycation and Trf PR (p = 0.07), suggesting that increased Trf production may have compensated for its glycation-induced degradation. Furthermore, a strong direct correlation was observed between Trf and Cp kinetics (Table 4) , indicating coordinated upregulation of Trf and Cp flux in T2DM to keep their levels stable. Despite no significant change in iron metabolism on the onset of T2DM, TIBC of Trf had marginal inverse association with Cp FCR (p = 0.05), implying that increased clearance of Cp may contribute to altered iron metabolism in severe diabetes. The adjustment for age, glucose, insulin and HOMA substantially weakened the differences between the groups in Cp FCR, suggesting that aging and insulin resistance may contribute to increased Cp degradation. Interestingly, the differences in Cp FCR were completely abolished only after the adjustment for HbA 1c (Supplementary Table S3 ). Similarly, the differences in Trf glycation were eliminated after the adjustment for diabetes-related parameters (glucose, insulin, HOMA and HbA 1c ) (Supplementary Table S4 ).
Modified peptide
Discussions
In this study, we utilized 2 H 2 O-metabolic labeling and shotgun proteomics to investigate the effect of diet-controlled T2DM on the metabolism of Trf and Cp, two key proteins involved in iron metabolism. Our results demonstrated that even at this early stage of the disease, T2DM has a profound effect on Trf and Cp metabolism: both proteins were degraded 1.5-2-fold faster in the patients than in healthy controls. Increased clearance of Trf and Cp was associated with hyperglycemia, and proteomics analysis revealed that post-translational glycation contributed to reduced stability of Trf in T2DM. However, coordinated increase in Trf and Cp production keeps their levels and the iron status stable.
While very little is known about in vivo regulation of Cp, Trf metabolism is well studied in human metabolic diseases and stress conditions such as inflammation and iron imbalance [8, [43] [44] [45] . In particular, Trf flux is known to be increased in the patients with alcoholic fatty liver disease [45] and nephrosis [8] without any significant correlation with serum Trf and iron levels. In the children with severe protein-energy malnutrition, lower Trf plasma levels were found to be related to its decreased synthesis and increased degradation [8] . These studies did however not explain why Trf would degrade faster in the diseased state. It is also not yet clear how Trf metabolism is regulated in T2DM. In this study, the FCRs of both Trf and Cp increased in T2DM and this was associated with their PTM. Our results suggest that neither iron deficiency nor inflammation is the main drive of increased Trf and Cp turnover in T2DM patients, as no correlation was found between Trf or Cp fluxes and serum iron or hsCRP, which is a marker of systemic inflammation. In contrast, increased FCR of Trf and Cp in T2DM Fig. 3 . Enhanced serotransferrin glycation in T2DM patients. Extent of modification (%) of serotransferrin glycation sites in a selected T2DM patient highlighting Lys-534 as the major site of glycation (A). Lys-206 and Lys-534 are positioned on the two GDVAFVKH glycation motifs located at the entrance of the iron-binding pockets. Glycation at these sites can sterically hinder iron (III) coordination impairing the protein's iron-transporting function. Serotransferrin was glycated at a higher extent at Lys-206 and Lys-534 in T2DM patients than in controls (B). Percent glycation was calculated by dividing peak area of the glycated peptide over the sum of all peptide species (of different length and charge state) containing the site of modification.
patients directly correlated with HbA 1c , a marker of long-term hyperglycemia. While adjustment for glucose weakened the differences in Cp FCR, adjustment for HbA 1c completely eliminated the latter, enforcing that chronic hyperglycemia contributed to increased Cp degradation. Although our data show that hyperglycemia-induced glycation enhanced Trf degradation, the cause of increased Cp degradation in T2DM is not clear. It is possible that oxidative stress-induced deamidation in hyperglycemic environment may have contributed to the enhanced Cp degradation in T2DM. Further studies are warranted to assess the role of deamidation and other oxidative modifications on Cp structural alteration and stability.
In T2DM and other conditions associated with insulin resistance, in addition to hyperglycemia, hyperinsulinemia also might be involved in altered Trf and Cp metabolism. Although the effect of hyperinsulinemia on Trf and Cp turnover in T2DM is not known, it has been shown that physiological increment of plasma insulin concentration affects the synthesis of other secreted liver proteins in healthy human subjects [46] . In vitro studies in HepG2 cells have shown that insulin plays a dual role in the transcriptional regulation of Cp: it increases Cp transcription under normal physiological conditions, while inhibiting Cp gene expression in the presence of interleukin 6, a pro-inflammatory cytokine. Interestingly, both effects of insulin on Cp metabolism are mediated via hypoxia inducible factor 1 (HIF-1), reflecting the important role of insulin in inflammation and iron homeostasis [47] . In our study, we found that the adjustments for insulin and HOMA markedly reduced the differences in Cp FCR between the groups (Supplementary Table S3 ), suggesting that hyperinsulinemia could contribute to altered Cp metabolism in T2DM. As a modulator of HIF-1, insulin also increases Trf and Trf receptor-1 (Trfr-1) transcription and attenuates inflammation-induced suppression of Trf in human hepatocytes [48] [49] [50] [51] . The X-ray structure analysis of Trf shows that Lys-206 and Lys-534 are positioned on the two GDVAFVKH "glycation motifs" located at the entrance of Trf iron-binding pockets of the N-and C-terminal lobes of the protein [52] . The side-chain amino group of these lysine residues participates in hydrogen bonding crucial for Fe 3+ coordination [53, 54] . Our study showed that Lys-206 and Lys-534 were both glycated in T2DM patients (Fig. 3B) and Lys-534 is the primary site of Trf glycation in vivo (Fig. 3A and Supplementary Table S1 ). It is plausible that post-translational glycation at Lys-534 site (and potentially Lys-206, to a lesser extent) can sterically hinder ironbinding capacity of Trf, rendering it dysfunctional. In support of this notion, an in vitro study has shown that non-enzymatic glycation of Trf reduces its iron-binding capacity contributing to the pro-oxidant effects of unbound iron [5] . Similarly, it has been shown that oxidative stress-induced deamidation of Cp reduces its ferroxidase activity which may further exacerbate Fe 2+ -induced oxidative stress [55] . In particular, oxidative deamidation at Asn-943 of Cp produces an isoDGR motif resulting in the loss of Cp ferroxidase activity and acquisition of integrin-binding properties [4, 56] . Our study revealed that five Cp Asn residues, including Asn-943, were deamidated in T2DM patients (Supplementary Table 3 Serotransferrin and ceruloplasmin kinetics in T2DM patients (n = 9) and matched controls (n = 8). Fig. 4 . Effect of glycation on serotransferrin kinetics in T2DM patients. The glycated Trf peptide reaches maximum 2 H enrichment levels at a higher rate than the total Trf pool (consisting modified and unmodified Trf variants) which is an indicator of its faster catabolism (A) and thus shorter half-life (B). Table S2 ). It is conceivable that Cp modification, particularly at the Asn-943 site, could compromise its antioxidant function fueling oxidative stress in poorly controlled diabetic patients. A correlation of Cp FCR with Trf TIBC in our study suggests that increased Cp degradation may contribute to altered iron metabolism in T2DM. However, in contrast to observed alterations in the Trf and Cp kinetics, no difference was seen between the patients' and the controls' iron status, including Trf, Cp, ferritin and iron levels, Trf/Cp ratio, Cp ferroxidase activity, Trf UIBC, TIBC and iron saturation (Table 1) . This is in agreement with the previous reports demonstrating that Trf glycation is only minimally responsible for the iron-binding antioxidant capacity in diabetic patients [21] and that Trf glycation does not correlate with serum iron or TIBC [57] . Consistent with the unaltered iron metabolism, the present study failed to detect any measurable oxidative stress in T2DM patients. Although more targeted studies are required to delineate the role of hyperinsulinemia and hyperglycemia in Trf and Cp metabolism in T2DM, we speculate that while at the early stages of the disease, hyperinsulinemia-associated increase in Trf and Cp production compensates for their hyperglycemia-induced degradation, with the progression of the disease, uncompensated degradation may result in altered iron metabolism and oxidative stress.
In summary, our study demonstrated that Trf and Cp turnovers were increased in T2DM patients and that was associated with hyperglycemia-induced non-enzymatic Trf glycation, and potentially Cp deamidation. Kinetics analysis revealed that Trf glycation was associated with reduced Trf stability in vivo; suggesting that hyperglycemia-induced degradation of Trf and Cp may impair Fe 3+ /Fe 2+ homeostasis at the outbreak of oxidative stress in the patients with severe T2DM. This proteomics and stable-isotope labeling approach for accurate measurement of the dynamics of native and modified proteins could be applied to assess potential mechanisms involved in the pathogenesis of hyperglycemia-induced complications of diabetes, and other diseases. However, additional studies are required to examine the links between these protein modifications and their impact on the biology of iron metabolism and T2DM development. 
